consider the relative motion of three hydrogen atoms. They formed the "skewed" co-ordinate system in which the potential energy surface was plotted. Our set of relative co-ordinates generalizes the "skewed co-ordinates" to systems of N particles. These co-ordinates should be useful in molecular collision problems and molecular rotation-vibration problems. Their principal use, however, will probably lie in the prediction of the variation of chemical reaction rates with isotopic masses, since the zero-point energy in the activated complex and also the transmission coefficient depend rather sensitively on the masses which appear in the relative co-ordinates.
alfalfa and the milk of the cows fed thereon, we note that the top inch of soil contains about 56 per cent and the next 5 inches contain the remaining 44 per cent of the total Sr90. Recently some evidence has been discovered that the radiostrontium finds its way to greater depths.2 In Table 2 data are given for Iowa soil collected in 1937 which, as expected, shows no Sr9". The average available Ca content of the domestic soils was 8 + 1 gm Ca/ft2/in., the average fraction of total Ca exchangeable was 68 i 3 per cent, and the average Sr90 content was 4.7 ± 0.4 mc/mi2. 3, September 1, 1955. t Samples collected by Dr. Lyle T. Alexander, Chief, Soil Survey Laboratory, Plant Industry Station, Beltsville, Maryland.
As might be expected because of the similarity of the Sr chemistry to that of Ca, milk and cheese show radiostrontium without exception. Figures la, lb, lc, and id show the data for both foreign and domestic samples. The actual heights of rise of the bomb clouds are the basis for the assumption that all distant fallout from megaton weapons occurs from a stratospheric reservoir, while that from those of lower yield occurs from the troposphere. Actually, the height of the tropopause varies with the season, so that the season must be con- Tables 4 and 5. Table 4 , Part A, gives the Sr90 and T contents of surface snow at four locations. From the T concentrations and the expected T production rate in this region" (T produced in the Castle test itself was precipitated out in a few weeks and never entered the Southern Hemisphere appreciably, because of the large amount of water taken into the cloud with which it became mixed6), we determined the annual precipitation to be 7.8 2 inches of water. This calculation, together with that for the January-February, 1955, Sr90 precipitation rate of 0.8 mc/mi2/yr, are given in Part B of Table 4 . The result for the annual precipitation agrees well with direct observation by the Atka Expedition and by Mr. Humphrey personally.7 At Little America IV, direct observation showed that the floor of the tent projecting from the ice front was beneath only 7 or 8 feet of snow after roughly seven years. Since the density of the snow was about 0.35, this would correspond to about 5 inches of annual precipitation. Other observations7 checked this general magnitude. In Table 5 a core taken at Admiral Byrd Bay was measured for both Sr'10 and T. From these data we observe the pre-Castle fallout rates of 0.11 and 0.21 Sr90 mc/mi2/yr. The surface rate at this site is 0.43, which is less than the general average in the area for January and February, 1955, of 0.8 mc/mi2/yr-as shown in The average Sr90 content of rain and snow in the Chicago area since the fall of 1952 was calculated by weighting each datum by the total rainfall observed in the particular storm. The data on the Sr90 content of Chicago rain are given in Figure 5 . [8] [9] [10] [11] [12] It is clear that large fluctuations can occur in individual storms. However, these extremes were, in general, of low total rainfall; hence the effect on the average is small. It is interesting that the antarctic snows have about the same Sr9O content as the average Chicago rain of Figure 5 . We recall that pre- cipitation there is only one-fourth to one-fifth that in Chicago. According to the mechanism espoused in this paper, these fluctuations are to be expected, because the fallout from the stratosphere is thought to be steady and continuing, and the washing-out by rain is expected to carry down the fallout accumulated since the last precipitation from the particular air mass involved. Many of the samples given in Figure 5 and in Project Sunshine Bulletins Nos. 10 and 118-12 have been measured for T as well;3-5 hence further correlations of the type described above for antarctic snow (Tables 4 and 5 ) can be made.
In Tables 1 and 2 the Sr90 contents of soils in the midwest region of the United States were shown to have an assay of 4.7 Mc/mi2 in October, 1953. The total from rains in the preceding year was only 1.5 Mc/mi2, according to Figure 5; The efficiency with which rain removes fallout from the air through which it passes is probably high. One knows, on simple physical grounds, that as little as 0.1 inch of rain will traverse at least 90 per cent of the air volume lying below the layer in which the rain originates, so that 90 per cent of all particles which can be swept up by a falling raindrop will be carried down by such quantities of rain. On the point as to whether fallout is likely to be deposited by rain, we note that G. H. Wilkening"3 showed that the decay products of the radioactive gas Rn which in themselves are isotopes of nongaseous elements are found affixed to particles of diameters between 20 and 800 angstrom units (0.002-0.080 ,)-a submicroscopic range not at all unlikely for the radioactive fallout stored in the stratosphere.' The velocity of fall for such particles would be very small and in this respect quite compatible with the long stratospheric storage times indicated by the Project Sunshine data. Blifford, Lockhart, and Rosenstock'4 studied the concentration of the Rn decay products in rainfall in the Washington, D.C., area and concluded that rain was the mechanism by which the particles containing these products were precipitated and that the average time the decay products spent in the air before being precipitated was only 15 days, approximately. 0. Haxel and G. Schumann,"5 found this time in Heidelberg, Germany, to be about 4 days, and Damon and Kuroda'6 concluded that Blifford et al., were correct in attributing the precipitation of the aerosol carrying the Rn decay products to rain, their conclusion being based in part on additional data that they had taken. The average time spent by water in the air was found by von Buttlar and Libby4 to be between 5 and 14 days.
For these reasons it seems very likely that rainfall or snowfall carries down a major part of the fallout which comes from the stratosphere and probably is a very important mechanism for that part of the tropospheric fallout material which does not fall out in the first few hours or day or two after the detonations. Of course, the whole question can be settled by direct experiment in which a correlation between rainfall and total fallout is sought. The present data seem to favor the hypothesis. This conclusion and prediction seem to be borne out by Table 6 , which presents the total Sr90 content of the top 2 inches of typical United States soils collected in October, 1955, and leached at room temperature for 30 minutes with 6 N HCl. Table 7 shows data obtained in the Chicago laboratories on the Sr90 contents of rivers and lakes. It is clear that these are much lower than those of the rain from which they are derived. For example, from Figure 5 we should estimate that the average rain in the Chicago area in the summer of 1953 had a Sr90 content of about 7 dpm/gal. From Table 1 Examination of the data in Tables 2 and 3 on the Sr90 content of the exchangeable calcium in soils shows that there is a strong tendency for the lowest activity of Sr9°per unit weight of exchangeable Ca to occur in Ca-rich soils and vice versa, as would be expected, of course, if the fallout rate were uniform. This situation is displayed graphically for the pre-Castle soil data in Figure 6 .
For The main question about the gummed-paper technique is its over-all efficiency of collection. In order to determine this, the Health and Safety Laboratory has conducted an extensive series of comparisons of the amounts of fallout by gummed paper and a 12-gallon pot with an 18-inch vertical cylindrical wall placed immediately beside the paper. Some of the data thus obtained are given in Table 8 . From them we deduce a collection efficiency of 69 ± 9 per cent (but we use 63 per cent, since Mr. Eisenbud recommends this on the basis of more data and a better statistical treatment). The data thus obtained-for the post-Castle Sr90 fallout rate in the United States and South America are given in Table 9 . These are combined with those for other areas, to give the world Sr9O fallout rates for September, October, November, and storage, but widespread fallout is found to occur at least 1.7 years after a megaton test series.
2. This average world-wide Sr90 fallout rate in the fall of 1954 and the spring and summer of 1955 was 1.2 mc/mi2/yr (see Table 10 ).
Additional information available on the Sr9' distribution has been obtained by air filters operated at sea level, principally by the Naval Research Laboratory, measured in the Chicago Sunshine Laboratory, and by the Health and Safety Laboratory.'8 The surface samples collected at Washington, D.C., by the Naval Research Laboratory and measured at Chicago8-'2 are given in Table 11 and Figure 8 . In order to correlate these data with the fallout rate, we recall that, as remarked previously, any rain of 0.1 inch or more probably will thoroughly wash down the fallout in the air below the layer at which the rain originates. Examination of the weather data for the Washington, D.C., area in the period when the samples were taken shows that the average interval between rains was 6 ± 3 days. Therefore, the Sr90 content of surface air should correspond to fallout for this time on the average, and we would expect a fallout rate R (mc/mi2/yr) to CHEMISTRY: W. F. LIBBY mc/mi2/yr is definitely low, compared to the rain result of 2.3 ± 0.2 mc/mi2/yr for Chicago (Fig. 5 ) and of 1.5 ± 0.1 mc/mi2/yr for data involving gummed paper ( Fig. 7 and Table 9 ). The uncertainty in the factor of 2.5 for the ratio of rainbearing layer height is probably the principal uncertainty in the calculation of the fallout rate from air-filter data, though it may be that the perfect vertical mixing of the lower 40 per cent of the troposphere implicit in the calculation is an incorrect assumption, in that air right at the surface is cleaned to a considerable extent by surface contact with vegetation and water and soil and therefore has less fallout than the average for the lower troposphere.
(134dpn/l06 *w.ft. From the data given on rates of fallout, we calculate the average stratospheric residence time, r = 10 5 years. The high-altitude data show a definite rise above the tropopause. This is strong confirmation for the stratospheric storage and dissemination mechanism.
II. DISCUSSION A. PREDICTED Sr90 FALLOUT The stratosphere reservoir of Sr90 immediately after Operation Castle had been completed was about 12 Mc/mi2. The fallout rate of Sr9' corresponds to an average storage time of 10 4 5 years and essentially uniform world-wide dissemination.
The radioactive half-life of Sr90 is 28 years, corresponding to an average life of 40 years. Therefore, the Sr9O fallout rate from tests up to and through the Castle series should be given by R = ( 1 ) 12 1(1/10+1/40) mc/mi2/yr (1) VOL. 42, 1956 383-
where t is the time elapsed, in years, since May, 1954. This relation is given in Figure 9 . From it, we can predict the tropospheric air content to be A = RT X 2.5 X 79 X 41 dpm/106 ft3, ( 2) 365 where a period of T days elapses between the rains washing out the air mass concerned. Taking T to be 6 days on the average, the surface air should contain 134 R dpm/106 ft3 in the middle latitudes.
The rainfall content will be 4 R dpm/gal for regions with an annual rainfall of 31.5 inches. The concentrations of Sr10 per unit volume for other annual precipitations are to be derived by inverse proportionately, e.g., in Antarctica, where the annual precipitation is about one-fourth of 31.5 inches, the Sr90 content of snow should be given by 16 R,,or A' = 16 X 1.20et(1/10°+1/40) dpm/gal.
(3) In this connection, it is very important to note that regions of frequent rainfall very probably will receive more Sr90 fallout than will more arid regions. Of course, some fallout will be deposited by the surface winds blowing over the leaves of trees and grass. For example, the Naval Research Laboratory10 has mounted an uncharged platinum screen vertically and held normal to the surface winds by a large vane. The deposition is by impact. Two weeks' total collections were made, and these gave up to 20 times as much as for gummed papers of the same area exposed for the same time in the same place. The screen was 80 mesh and probably passed about 0.5 X 106 ft.3 in the 2 weeks' exposure. From this it is clear that surface contact with fallout-laden tropospheric air must result in dep- Table 1 , where there is seen to be essentially no correlation between the Sr90 contents of soils and the crops of alfalfa grown on them. There obviously must have been very considerable direct dep osition on the surface of the plants. Also, the relatively low values for the Sr9" content of surface air found by the Naval Research Laboratory (Table 11) , calculated with respect to the observed rain content, may very well be due to surface deposition by direct contact on tree leaves and grass.
The soil content will be the total of all fallout radioactivity, less any natural weathering processes which serve to remove the fallout Sr90 from the chemically available form in which plants can assimilate it. Neglecting this latter effect, although, as we shall see, there is reason to believe that such effects are operative in an important way, and taking the average for the exchangeable Ca content of soils over the world (cf. Tables 2 and 3), which is 8 gm/ft2/in. we calculate that the top 2.5 inches of soil, which in general holds nearly all the Sr90 (Tables 2 and 3 ), has some 20 gm of exchangeable Ca. Therefore, we predict that in the absence of curative weathering effects acting to remove Sr90 from contact with the biosphere, the average Sr90 concentration of exchangeable Ca, in MPC units, should be Figure 10 . This, of course, is reflected in higher contents for the bones of grazing animals.
The weathering processes which may operate to fix the fallout Sr90 and make it unavailable to the biosphere, such as the fixation in massive Ca deposits, are worthy of consideration. Only further investigation will reveal how important such processes are. The present Project Sunshine sampling program includes repeated sampling of given regions. The data so obtained should disclose any such trends. Some data already in hand seem to indicate such effects, but further confirmation is necessary. In addition, palliative mneasures may prove effective. For example, Nervik, Kalkstein, and Libby19 have shown that milk can be purified for radiostrontium by a treatment which mnay well prove to be quite practical and inexpensive.
B. BIOSPHERE CONTENT OF Sr50
It seems clear that there will be discriminatory barriers of some magnitude operating at each of the stages of transfer from the soil into the biosphere. Taking these stages in general to be (1) Soil -. Plants, Table 12 the Sr90 contents of plants are compared with those for the soils on which they grew at a variety of localities just before Operation Castle. It seems clear that, on the average, plants have about twice the specific Sr90 content relative to Ca that the supporting soils do. It seems very likely that this is due in part to fallout occurring directly on the external plant surfaces. This is further borne out by the lack of detailed correlation in Table 1 Table 12 is direct fallout. As remarked in Section I in the paragraphs on rain and air-filter data, there are two mechanisms for direct fallout of the ultra-finely divided particulate matter carrying the Sr90 in the stratospheric reservoir-rainout and contact deposition after the fallout has entered the troposphere. Rainout appears to be the principal mechanism, though it has been demonstrated by the Naval Research Laboratory,20 as mentioned earlier, that an 80-mesh screen mounted vertically to prevailing surface winds can gather more fallout than falls out directly on the average by all mechanisms. It is not clear, however, to what degree foliage acts in this way, but the probability seems high that the effect is relatively minor and that rainout, followed by drying of raindrops, is the main way in which the foliage surfaces gather fallout. On this basis we conclude that total fallout in arid regions should be appreciably lower than in areas with normal rainfall. This effect seems to be borne out by the data available now, though more definitive experiments are needed. It probably follows also that regions subject to seasonal rainfall rather than relatively uniform precipitation all year should show less fallout for the same total annual rainfall. Also, regions subject to frequent morning fogs may be particularly high in total fallout. The Sr90 probably will enter the troposphere at relatively uniform rates, but the chance of precipitation will depend strongly on the local weather.
Of course, rainfall is necessary to plant growths, so that plants are certain to gather some fallout. However, for regions of low rainfall where irrigation is used-such as the Imperial Valley in California-the fallout content of the crops should be particularly low, for, as shown in Table 7 , rivers are nearly free of fallout, since the soil purifies the runoff water before it reaches the rivers. Similarly, reservoirs and lakes will be low relative to rain because of dilution and the importance of runoff water from surrounding watersheds in replacing evaporative and withdrawal losses. It is also well to note that the ordinary water purification processes are effective in removing an appreciable fraction of the radiostrontium.
The by-passing of soil entirely, which occurs in the direct fallout on plant surfaces, of course means that the retarding effects of high Ca contents in soil are inoperative, and cattle grazing on such foliage may show little correlation in the Sr90 contents with the soil Sr90 activity for this reason. This appears, from the data in Table 1 , to be true in the United States Midwest.
It is clear, however, that washing may reduce the level of fallout externally carried by plants, though direct leaf absorption will be expected to occur rather rapidly for water-soluble fallout. For the megaton weapons fired in the Pacific, the bulk of the fallout resides on particles of CaO or Ca(OH)2 or mixtures of CaO, Ca(OH)2, and CaCO3 made by the great heat of the fireball acting on the coral of the islands and sea floor in the firing areas.2' A large amount also is carried on NaCl particles. This material, therefore, should be quite water-soluble and should VOL. 42, 1956 387 CHEMISTRY: W. F. LIBBY be rapidly absorbed into the leaves. Washing therefore probably will not be particularly effective for the world-wide fallout, which derives from the Pacific tests. From weapons fired in the air, the particles probably will consist of less soluble oxides and therefore are more likely to wash off of plant surfaces before being absorbed. Menzel,22 of the United States Department of Agriculture, grew cowpeas on 42 American soils to which equal amounts of bomb debris had been added. Available Ca ranged from 0.7 to 48 milliequivalents of Ca/100 gm of soil. The Sr90/Ca ratio of the plants was approximately inversely proportional to the available Ca in the soil over the full range of Ca availability. In another set of experiments on a particular type of soil (Evesboro) to which known amounts of Sr90 had been added at two carrier levels, the results listed in Table 13 were found. The distribution By combining these data, Menzel concluded, as shown in Table 13 , that the average Sr uptake from American soils was best fitted by a distribution factor of k~r = 0.36. This average probably will apply world-wide about as well.
2. Plant-to-Animal Transfer.-The Sr90 contained in grass and foliage eaten by grazing animals will be retained to an extent dependent on the metabolism of the animal. For example. for a 1-year-old steer23 30 per cent of the Sr90 fed orally was retained with essentially no discrimination relative to Ca. There appears to be a higher retention, approaching 90 per cent, for intravenous injection of young rats.23 High Ca diets reduce the Sr90 uptake for rats, adult rats take up about 16 per cent of the ingested Sr90 on the same low Ca diet for which the young rats took up 73 per cent. 23 Comar24 has performed experiments on cows in which the Sr/Ca ratio in feed, blood, and milk was measured under equilibrium conditions. Typical relative values were 1.0, 0.37, and 0.13, respectively, thus indicating a relative lowering of the Sr90 content of the milk relative to the feed. This is borne out by direct observation on the fallout, as seen in Table 1 , where for the Chicago milkshed the milk averaged 0.0014 MPC, while the alfalfa fed averaged 0.0089 MPC.
3. Milk-to-Human Transfer.-This ability of the cow to reduce the Sr90 in the milk relative to the feed is important as a barrier to human ingestion of this fallout radioactivity. With it in mind, we can expect that human Sr90 burdens should be 20 per cent or less (for older people) of the plant contents and about equal to the milk and cheese levels if the entire Ca in the body were assimilated at a given Sr90 content of the milk.
Since the Sr90 content of the whole biosphere is continually rising, about as shown in Figure 10 , the average Sr90 content of milk should rise in a similar manner. Therefore, the intake of Sr90 by humans is steadily increasing, as shown in Figures la, lb, Ic, and Id. The data in Table 3 and Figures Ic and id show that the milk level at the time of Operation Castle averaged about 0.001 MPC, peaking in the middle latitudes, as did the soil assays (cf. Fig. 4a ). This value shows a ratio of about 0.7 for the milk level to the average soil level for the top 2.5 inches of soil with 20 gm. of contained available Ca/ft2. This high value probably is due to leaf pickup of fallout. Taking this as a general result, we predict the world values for milk and cheese at about 70 per cent of the soil values given in Figure 10 , plus ainv local fallout. This would mean that we would expect average foreign milk and cheese samples to show about 0.004 MPC at the present time.
The human bone, of course, is formed during the growing process, so that the Sr90 content of children should be higher than for adults. The data2 8-12, 25 verify this prediction; however, for newborn babies there is less Sr90 than corresponds to the milk, showing the retarding effect of the mother's older Ca pool. Children seem to carry Sr90 approximately equal to the average level of the milk during the period of their lives. Adults decrease in Sr90 concentration with age as expected. It seems that the adults of the future will have Sr90 levels corresponding to the milk levels during their lifetime weighted according to their rate of growth. For example, the years from 10 to 18 will be most important for men and from 6 to 12 for women. Foreign children born now, according to Figure 10 , should develop about 0.011 MPC unit during their lives. Children born now in the United States will develop a somewhat higher level, due to somewhat higher milk levels.
